A survey on the levels of the neurotoxic diterpenoid alkaloid metbyllycaconitine (MLA) in low larkspur (Delphinium nuttallianum Pritz.) was conducted at rangeland sites in southern British Columbia. Freeze-dried plant samples representing vegetative, flower bud, and bloom stages of growth over 4 growing seasons were analyzed for MLA by high pressure liquid chromatography (HPLC). Differences in MLA concentration were found between sites (P<O.Ol) and between stages of growth (P<O.OOl) but not between years (-0.2).
In North America, plants of the genus Delphinium are conveniently divided into 2 groups based on their height at maturity: the tall larkspurs and the low larkspurs, growing to an average height of 1 to 2 m and less than 1 m, respectively (Kingsbury 1964) . Consumption of tall larkspur (D. barbeyi Huth or D. occidentale S. Wats) is the major cause of cattle poisoning on subalpine mountain rangelands in the western U.S. (Neilson and Ralphs 1988) . Unlike the tall larkspurs which are climax species, the ephemeral low larkspurs (D. menziesiiDC., D. bicolor Nutt., or D. nuttallianum Pritz.) begin their growth in early spring at lower elevations, often before the flush of grasses, when they become readily available to livestock (Looman et al. 1983 , James et al. 1980 ). Low larkspur is more palatable to cattle at early stages of growth but the palatability of tall larkspur increases with advancing stages of growth (Pfister et al. 1988) .
The neurotoxic diterpenoid alkaloid methyllycaconitine (MLA) has been identified as the major alkaloid in 3 species of low larkspur: (D. nuttallianum, D. menziesii, and D. bicolor) (Majak et al. 1987 , Sun et al. 1992 , Kulanthaivel et al. 1986 . MLA is also the major toxic alkaloid in 3 species of tall larkspur: D. brownii Rybd., D. barbeyi, and D. glaucescens Wats (Aiyar et al. 1979 , Pelletier et al. 1989 , Manners et al. 1992 . MLA is a potent neuromuscular blocking agent in cattle (Nation et al. 1982) and is probably one of the most toxic alkaloids in rangeland larkspur Manners 1989, Manners et al. 1992 
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deacetylnudicauline, have not been tested for toxicity but they differ from MLA only at the Cl4 substitution: methoxyl, acetate, and free hydroxyl for MLA, nudicauline, and deacetyl nudicauline, respectively. Most importantly, they all contain the ester function at C4 which is essential for neuromuscular activity (Aiyar et al. 1979) . These MLA congeners have also been detected in D. nutallianum (Bai et al. 1989) , D. menziesii (Sun et al. 1992) , and D. barbeyi (Pelletier et al. 1989) .
A number of different approaches have been used for protecting animals from tall larkspur poisoning, including the use of herbicides. However, some of the most effective chemical agents are now restricted or unavailable (Ralphs and Turner 1989) . Training cattle to avoid consumption of tall larkspur is also possible but the conditioned aversion acquired in controlled environments can be lost under field conditions (Ralphs 1992) . The seasonal variation in the total alkaloid content of larkspur has been extensively examined in relation to palatability, and a "toxic window" has been proposed for D. barbeyi to predict the period of maximum susceptibility of cattle to poisoning (Pfister et al. 1988) . However, few studies have eludicated the seasonal variation in the concentration of the specific alkaloids of Delphinium. The present study extends a previous one (Majak and Engelsjord 1988) and further elucidates MLA levels in D. nuttallianum, especially at earlier, vegetative stages of growth. As well, the hypothesis that MLA levels are affected by the elevation of the Delphinium site is re-examined. Preliminary experiments are reported on the stability and potential for microbial detoxification of MLA in bovine rumen fluid.
Materials and Methods
Composite samples (50 to 200 g fresh weight, aerial portions) at the vegetative, flower bud, and bloom stages of growth were collected during 1988 to 1991 at the 4 experimental locations (sites 1 to 4) described previously near Kamloops, B.C. (Majak and Engelsjord 1988) . Sites 1,2, and 3 were located in the Artemisiu tridentata Nutt., Stipa-Poa and Festuca scabrella Torr. grassland zones, respectively, while site 4 was in a transition zone between the Pseudotsuga menziesii (Mirbel) Franc0 forest zone and the F. scabrellu upper grassland zone. Low larkspur at the mature pod stage of development was not abundant owing to the low moisture conditions of the late spring, so these plants were not collected. As well, plants were not available at sites 2 and 3 during 1990-91. Samples were usually obtained once per week but the number of samples at each stage of growth varied with site and year depending on the duration of the phenological stage. When larkspur plants became elongated and stemmy during the bloom stage, the upper 20 cm of the shoot, containing most of the leaves and the inflorescence, was excised for analysis. Larkspur samples, stored at -20" C, were freeze-dried and analyzed for MLA by HPLC as described previously (Majak and Engelsjord 1988, Majak et al. 1987) . MLA concentrations were expressed on the basis of freeze-dried sample weights. The effects of years, 4 sites, and 3 stages of growth (n = 79) on MLA concentration were evaluated by analysis of variance using SAS GLM (Freund and Littel 1981) .
In addition to sites 1 to 4, that ranged in elevation from 350 to 975 m, larkspur samples (n = 7), predominantly at the full bloom stage of growth, were also collected during 1988 at 3 montane locations near Kamloops, B.C. (site 5) and near Ashcroft, B.C. (sites 6 and 7). Site 5, on Opax Hill, was situated in a semi-open area of a Douglas fir (Pseudotsuga menziesii)-pinegrass (Calamagrostis rubescens Buckl.) community. Sites 6 and 7 were located on Cornwall Hills. Site 6 was situated in a grassland community predominated by Stipa spp. and the surrounding forest contained aspen (Populus spp.), willow (Salix spp.), and Douglas fir. Site 7 was in a sedge (Carex spp.)containing upper grassland community and the surrounding forest consisted of spruce (Picea engelmanii Parry.), lodgepole pine (Pinus contorta Dougl.), and willow. Larkspur samples were collected at each montane site on 2 or 3 different dates. MLA incubations in rumen fluid were conducted as follows: Rumen contents were obtained from 2 ruminally listulated Hereford steers fed corn silage and 2 Jersey-Hereford cows fed alfalfa hay. The rumen contents were strained through a single layer of cheesecloth into a preheated Thermos flask. Aliquots of the rumen fluid (50 ml) were combined with free base extracts of D. nuttallianum prepared as described previously (Majak et al. 1987 ) to give a final MLA concentration of 150 ppm. The incubations were handled anaerobically at 39' C and subsamples (1 ml), obtained at 15 min and 3 hours, were acidified with 2.5 ml 4N HrS04 and centrifuged at 40,000 X g for 10 min at 0' C. The supernatant was decanted, extracted for free bases, and the MLA concentration in rumen fluid was determined by HPLC.
Results and Discussion
In agreement with our earlier studies (Majak and Engelsjord 1988) , there were significant differences in MLA concentrations between sites (P<O.Ol) and between stages of growth (P<O.OOl) but not between years (-0.2).
In the present study there were no significant interactions. The highest levels of MLA were detected at vegetative stages of growth (Fig. 1) when MLA levels ranged from 0.14 to 0.87% and the average concentration was 0.37% MLA (SE = 0.02). The average MLA concentration at the vegetative stage was almost twice as great as the MLA averages during the flower bud (0.21%) or bloom (0.20%) stages of growth. Similar levels of MLA (0.18 to 0.21%) were reported previously for the reproductive stages of growth of D. nuttallianum but the earlier study did not examine the alkaloids at the vegetative stage (Majak and Engelsjord 1988) .
Given intravenously, MLA was acutely toxic to cattle at 1 mg/kg body weight (Nation et al. 1982) . Therefore, if the plant contained 0.5% MLA, as little as 100 g dry matter of larkspur could be toxic to a 500 kg animal. growth (Fig. I) , especially ifit emerges before the flush of grasses. Low larkspur forage is also more palatable to cattle at early stages of growth (James et al. 1980, Majak and Engelsjord 1988) . A sample of D. menziesii at full flower, collected near Victoria, B.C. (Sun et al. 1992 ), contained 0.23% MLA as determined by HPLC and it is possible that this species may contain higher levels of MLA during vegetative stages of growth. However, all previous reports of alkaloid toxicity of D. menziesii have been based on incorrect taxonomy and nomenclature (Kingsbury 1964 , Ewan 1945 . Delphinium menziesii is strictly coastal, occurring west of the Coast and Cascade ranges from southwestern British Columbia to northern California (Hitchcock et al. 1964 , Brayshaw 1989 . All of the previously published references to poisoning by D. menziesii are based on work conducted on plants from outside the geographic range of this plant. In contrast, D. nuttallianum occurs east of the Coast and Cascade mountains from British Columbia and southwestern Alberta, southward to northern California, Arizona, and down the Rocky Mountains through Montana, Wyoming, Colorado, and east to Nebraska (R.T. Ogilvie, personal communication).
Previously we reported that higher levels of MLA were associated with D. nuttallianum sites located at higher elevations. During 1986-87, for example, the average MLA level was 0.25% (SE=O.OZ) at 900 to 975 m but at 350 m it was 0.15% MLA (SE=O.Ol). However, there was a significant site X year interaction and a relationship to elevation was clearly discerned in 1987 but not in 1986 (Majak and Engelsjord 1988) . When the overall means for MLA were compared in the present study, differences between sites were not associated with elevation: site 4 (0.29% MLA, elevation 975 m) and site 2 (0.30% MLA, elevation 350 m) differed from site 1 (0.20% MLA, elevation 350 m) but site 3 (0.25% MLA, elevation 900 m) was intermediate in alkaloid concentration (SE=0.02). A significant difference between site 1 (0.15% MLA) and site 4 (0.23% MLA) was also detected when the data were analyzed at the reproductive stages of growth (SE=O.Ol). In this analysis, however, site 2 at 0.19% MLA was indistinguishable from site 3 at 0.20% MLA. stable in the rumen environment since their total rate of degradation was <l% h-' (Siemen et al. 1991) .
To further assess the effect of elevation on MLA levels in D. nuttalliunum, larkspur samples were collected at 3 montane locations including 2 subalpine sites in the southern interior of British Columbia. Sites 5 to 7 exceeded the elevation of site 4 by 400 to 800 m but the MLAlevels (rangeO.09 to0.32%; mean0.18%, SE ~0.04) at the montane sites were not exceptional. Thus, elevation alone cannot explain the variation in MLA concentration between sites. Site differences might be related to topoedaphic conditions that contribute to soil drought and affect the ephemeral cycle of D. nuttallianum. Water stress has been shown to increase alkaloid levels in a number of plants (Gershenzon 1984 , Majak et al. 1979 ).
Degradation of MLA through ester hydrolysis is probably not the route of MLA detoxification in the rumen. In agreement, Swick et al. (1983) also concluded that the pyrrolizidine alkaloids of Senecio jacobaea L., which contain cyclic ester functions, were not hydrolyzed and therefore not detoxified in bovine rumen fluid. However, pyrrolizidine alkaloids of Echiumplantagineum L. and Heliotropium europaeum L., which contain open chain esters, were detoxified by hydrolysis in ovine rumen fluid (Cheeke 1989) . Thus the configuration of the ester function may well determine the susceptibility of the alkaloid to microbial hydrolysis.
In summary, site and stage of growth are the most important factors affecting the levels of MLA in D. nuttallianum. The vegetative stage of growth yielded the highest concentration of the neurotoxin and consequently it presents the greatest risk to grazing livestock. MLAappears to be stable in bovine rumen fluid since the alkaloid was not hydrolyzed in vitro.
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No changes in MLA level were detected from year to year. Therefore, it is unlikely that MLAconcentrations are significantly affected by the normal variation of weather during the growth of low larkspur.
